Introduction {#s1}
============

The 152 kb linear double-stranded DNA genome of Herpes Simplex Virus 1 (HSV-1) consists of unique components (U~L~ and U~S~) flanked by inverted repeat sequences. It has long been recognized that the U~L~ and U~S~ regions invert relative to one another during replication and that rates of recombination are high between co-infecting HSV viruses [@ppat.1002862-Brown1], [@ppat.1002862-Hayward1], [@ppat.1002862-Schaffer1], [@ppat.1002862-Sheldrick1], [@ppat.1002862-Zhang1], [@ppat.1002862-Delius1]. For instance, recombination frequencies of 60% have been observed between HSV amplicons, and the rate of recombination between plasmids is higher in cells infected with HSV-1 than in uninfected cells or cells infected with SV40 [@ppat.1002862-Dutch1], [@ppat.1002862-Fu1].

Despite the high level of recombination during infection little is known about the viral and cellular proteins involved, the mechanism of recombination or the importance of recombination during replication. HSV-1 encodes a 5′-to-3′ exonuclease, UL12, and a single stranded DNA binding protein with annealing activity (SSAP), ICP8. UL12 and ICP8 can perform a strand exchange reaction *in vitro* [@ppat.1002862-Reuven1], [@ppat.1002862-Reuven2] and are reminiscent of the complexes encoded by λ phage (Redα/β) and *Escherichia coli (E. coli)* (RecET), which can stimulate recombination-mediated genetic engineering (recombineering) [@ppat.1002862-Ellis1], [@ppat.1002862-Murphy1], [@ppat.1002862-Court1], [@ppat.1002862-Muyrers1], [@ppat.1002862-Zhang2], [@ppat.1002862-Yu1], [@ppat.1002862-Szczepanska1]. In addition to providing a useful tool for genetic engineering, the λ recombination system plays an important role in the production of viral DNA concatemers necessary for encapsidation and the production of infectious progeny [@ppat.1002862-LoPiano1], [@ppat.1002862-Kuzminov1]. Although it has been proposed that the HSV genome circularizes and rolling circle replication leads to the formation of concatemers, we and others have proposed that concatemer formation is more complex and may involve recombination-dependent replication reminiscent of bacteriophages λ and T4 [@ppat.1002862-Wilkinson1].

The repair of DNA damage such as chromosomal double-strand breaks (DSBs), is essential to maintain chromosomal stability and prevent genetic loss. Eukaryotic cells have evolved at least four distinct repair pathways to repair DSBs, three which require some degree of homology \[homologous recombination (HR), single strand annealing (SSA) and alternative non-homologous end joining (A-NHEJ)\] and one that does not \[classic non-homologous end joining (C-NHEJ)\] [@ppat.1002862-Kass1], [@ppat.1002862-Wyman1]. The two major homology-driven repair pathways, HR and SSA involve the formation of joint molecules by strand invasion (HR) or annealing (SSA). Strand invasion requires a RecA/Rad51 superfamily member while annealing is mediated by a single strand annealing protein (SSAP) [@ppat.1002862-Iyer1], [@ppat.1002862-Kawabata1]. Mammalian RAD52 is an SSAP that promotes SSA, although RAD52 is not essential for SSA [@ppat.1002862-Singleton1], [@ppat.1002862-Stark1]. The DSB repair pathways are activated through a complex series of signaling events that recognize and respond to DNA damage [@ppat.1002862-Branzei1], [@ppat.1002862-Shrivastav1]. Two of the major DNA damage sensing kinases, DNA-dependent protein kinase (DNA-PK) and ataxia-telangiectasia mutated (ATM), predominantly recognize DSBs [@ppat.1002862-Harper1], [@ppat.1002862-Lavin1]. DNA-PK interacts with the Ku70/Ku80 heterodimer at DSBs and facilitates repair through C-NHEJ, while ATM is recruited to DSBs through an interaction with the MRN complex and facilitates homology-based repair [@ppat.1002862-Kass1], [@ppat.1002862-Shrivastav1], [@ppat.1002862-DeFazio1], [@ppat.1002862-Spagnolo1], [@ppat.1002862-Valerie1]. Although it is known that HSV-1 manipulates components of the host double-strand break repair (DSBR) machinery during infection [@ppat.1002862-Mohni1], [@ppat.1002862-Mohni2], [@ppat.1002862-Gregory1], [@ppat.1002862-LeesMiller1], [@ppat.1002862-Lilley1], [@ppat.1002862-Taylor1], [@ppat.1002862-Wilcock1], [@ppat.1002862-Wilkinson2], [@ppat.1002862-Lilley2], [@ppat.1002862-Lilley3], [@ppat.1002862-Parkinson1], [@ppat.1002862-Shirata1], [@ppat.1002862-Muylaert1] it is not clear which repair pathways are active during infection. To address this question, we used chromosomally integrated reporter assays to measure the repair of DSBs by HR, SSA, A-NHEJ and C-NHEJ [@ppat.1002862-Stark1], [@ppat.1002862-Pierce1], [@ppat.1002862-Bennardo1].

Results {#s2}
=======

HSV-1 infection increases SSA and decreases HR, A-NHEJ and NHEJ {#s2a}
---------------------------------------------------------------

Cell lines containing chromosomally integrated reporters have been developed to study the activation of the DSBR pathways following DNA damage [@ppat.1002862-Stark1], [@ppat.1002862-Pierce1], [@ppat.1002862-Bennardo1]. In this study we utilized four HEK293 cell lines with chromosomally integrated reporters that monitor repair of an I-SceI generated DSB by HR, SSA, A-NHEJ or total NHEJ (both C-NHEJ and A-NHEJ) [@ppat.1002862-Bennardo1]. Each cell line contains a green fluorescent protein (GFP) reporter gene that is disrupted by the 18-bp recognition sequence for the I-SceI endonuclease and can no longer express GFP. Each reporter is designed in such a way that repair of the DSB using a specific DSBR pathway will restore the GFP reporter gene (see [Figures 1A--1D](#ppat-1002862-g001){ref-type="fig"} for details). Therefore, repair can be measured in individual cells by monitoring the number of GFP-expressing cells using flow cytometry.

![Schematic of the DSBR reporter assays.\
(A) DR-GFP reporter used to monitor HR [@ppat.1002862-Pierce1]. SceGFP is a modified GFP gene, which contains an I-SceI site and in-frame termination codons. An 812-bp internal GFP fragment (iGFP) can repair the DSB by HR (gene conversion) and results in a functional GFP gene. (B) SA-GFP reporter used to monitor SSA [@ppat.1002862-Stark1]. 5′ GFP and SceGFP3 are GFP gene fragments which have 266 bp of homology (light gray). Repair of the DSB in SceGFP3 by SSA results in a functional GFP gene and a 2.7-kb deletion in the chromosome. Although an identical repair product could arise in this assay by HR with crossing over, this type of repair is estimated to be at least 30-fold less frequent [@ppat.1002862-Stark1]. (C) EJ2 reporter used to monitor A-NHEJ [@ppat.1002862-Bennardo1]. GFP is separated from an N-terminal tag (NLS/Zinc-finger) by an I-SceI site and stop codons in all three reading frames, which are flanked by 8 nts of microhomology. Repair of the DSB by A-NHEJ results in a functional GFP gene by restoring the coding frame between the tag and GFP as well as causing a 35 nt deletion. (D) EJ5 reporter used to monitor total NHEJ [@ppat.1002862-Bennardo1]. GFP is separated from a promoter by a puromycin gene flanked by two I-SceI sites. Excision of the puromycin gene and repair of the DSB by NHEJ joins the promoter with GFP thus creating a functional GFP gene. Two repair products can be formed, one that restores the I-SceI site (Ku-dependent C-NHEJ) and one that is I-SceI resistant (Ku-independent A-NHEJ).](ppat.1002862.g001){#ppat-1002862-g001}

Each of the reporter cell lines were transfected with an I-SceI expression vector or an empty vector control. Four hours after transfection cells were infected with wild type HSV-1 (KOS) at a multiplicity of infection (MOI) of 2 PFU/cell and then analyzed by flow cytometry 36 hours post infection. Similar to previous reports, no significant GFP expression was detected in any of the cell lines transfected with the empty vector [@ppat.1002862-Stark1], [@ppat.1002862-Pierce1], [@ppat.1002862-Bennardo1]. Interestingly, HSV infection caused a 2-fold increase in SSA over mock-infected cells; whereas, HSV infection resulted in decreased levels of HR, A-NHEJ and NHEJ ([Fig. 2](#ppat-1002862-g002){ref-type="fig"}). Expression of the viral ICP4 protein confirmed that the cells were successfully infected ([Fig. 2](#ppat-1002862-g002){ref-type="fig"}). These results indicate that a specific DSBR pathway is activated in HSV infected cells.

![HSV infection increases SSA and inhibits HR, A-NHEJ and NHEJ.\
HR, SSA, A-NHEJ and NHEJ reporter cell lines were transfected with an empty vector or I-SceI expression vector and infected with HSV or mock infected. The average frequency of repair from at least four independent experiments, each performed with three independent samples were normalized to the I-SceI- transfected and mock infected samples. The HR and SSA experiments include the data from [figures 3A](#ppat-1002862-g003){ref-type="fig"}, [4A and 4B](#ppat-1002862-g004){ref-type="fig"} as well as two additional experiments. Error bars represent the standard error of the mean. The asterisk indicates statistically significant differences from samples transfected with I-SceI and mock infected (P≤0.02). The insert shows a representative western blot analysis of cell lysates from mock- or HSV-infected cells. Infected cell lysates expressed the viral ICP4 protein and actin served as a loading control.](ppat.1002862.g002){#ppat-1002862-g002}

The stimulation of SSA does not require viral DNA replication {#s2b}
-------------------------------------------------------------

Recombination is a frequent event during HSV-1 infection and it has been linked to viral DNA replication [@ppat.1002862-Brown1], [@ppat.1002862-Schaffer1], [@ppat.1002862-Wilkinson1], [@ppat.1002862-Severini1]. In order to determine whether DNA replication is necessary for the increase in SSA, we analyzed cells infected with a DNA negative primase-null mutant (ΔUL52) and a DNA positive packaging-null mutant (ΔUL32) [@ppat.1002862-Goldstein1], [@ppat.1002862-Lamberti1] ([Fig. 3A](#ppat-1002862-g003){ref-type="fig"}). Cells infected with ΔUL52 increased SSA approximately 4-fold over mock-infected cells and 2-fold over wild type-infected cells; whereas, ΔUL32 increased SSA approximately 3-fold, similar to wild type infected cells. Expression of the viral ICP4 protein confirmed the cells were infected ([Fig. 3B](#ppat-1002862-g003){ref-type="fig"}). These results indicate that viral DNA replication is not necessary to increase the repair of a DSB in the cellular genome by SSA.

![Viral DNA replication is not required to increase single strand annealing during HSV infection.\
(A) The SSA reporter cell line was transfected with an I-SceI expression vector and mock infected or infected with wild type HSV, or mutant viruses lacking UL52 (primase) or UL32 (packaging mutant). For each condition the average frequency of repair from three independent experiments, each performed with three independent samples were normalized to the I-SceI-transfected and mock-infected samples. Error bars represent the standard error of the mean. The asterisk indicates statistically significant differences from samples transfected with I-SceI and mock infected (P≤0.05). (B) Representative western blot analysis of cell lysates from mock or HSV, ΔUL52 or ΔUL32 infected cells. Infected cell lysates expressed the viral ICP4 protein and actin serves as a loading control.](ppat.1002862.g003){#ppat-1002862-g003}

UL12, but not ICP8 is necessary to increase SSA during HSV-1 infection {#s2c}
----------------------------------------------------------------------

The viral proteins UL12 and ICP8 form a two-component complex that is reminiscent of the λ Redα/β recombination system [@ppat.1002862-Reuven1], [@ppat.1002862-Reuven2]. Several lines of evidence suggest that Redα/β promotes recombination through an SSA mechanism [@ppat.1002862-Yu1], [@ppat.1002862-Szczepanska1], [@ppat.1002862-Kuzminov1], [@ppat.1002862-Lim1], [@ppat.1002862-Poteete1], [@ppat.1002862-Stahl1], [@ppat.1002862-Li1], [@ppat.1002862-Muniyappa1], [@ppat.1002862-Stahl2]. Therefore, we next asked if UL12 and ICP8 are required for the increase in SSA and decrease in HR observed during infection. Infection with mutant viruses lacking UL12 and ICP8 (ΔUL12 and ΔICP8) [@ppat.1002862-Gao1], [@ppat.1002862-Weller1] caused decreases in HR similar to that observed during wild type HSV infection ([Fig. 4A](#ppat-1002862-g004){ref-type="fig"}). On the other hand, the ΔUL12 virus completely eliminated the 2-fold increase in SSA observed during HSV infection ([Fig. 4B](#ppat-1002862-g004){ref-type="fig"}). Expression of the viral ICP4 protein confirmed the cells were infected ([Fig. 4C](#ppat-1002862-g004){ref-type="fig"}). These results indicate that UL12 is required to increase SSA during HSV infection.

![UL12 but not ICP8 is necessary to increase single strand annealing during HSV infection.\
(A) HR and (B) SSA reporter cell lines were transfected with an I-SceI expression vector and mock infected or infected with wild type HSV, or mutant viruses lacking UL12 or ICP8. The average frequency of repair for each condition was normalized as described in [Figure 3](#ppat-1002862-g003){ref-type="fig"}. Error bars represent the standard error of the mean. The asterisk indicates statistically significant differences from samples transfected with I-SceI and mock infected (P≤0.01). (C) Representative western blot analyses of cell lysates from mock infected or HSV, ΔUL12 or ΔICP8 infected cells. Infected cell lysates expressed the viral ICP4 protein and actin serves as a loading control. (D) Representative western blot analysis of cell lysates from mock, HSV, ΔUL12, ΔICP8, ΔUL52 or ΔUL32 infected HEK293 cells. Cells were infected at a MOI of 2 PFU/cell and analyzed for expression 6 hours post infection.](ppat.1002862.g004){#ppat-1002862-g004}

The ΔICP8 virus increased SSA approximately 6-fold over mock-infected cells and 3-fold over wild type-infected cells ([Fig. 4B](#ppat-1002862-g004){ref-type="fig"}). Since ICP8 is essential for HSV DNA replication and exhibits annealing activity *in vitro* [@ppat.1002862-Reuven1], [@ppat.1002862-Reuven2], [@ppat.1002862-Nimonkar1], [@ppat.1002862-Nimonkar2], we were surprised that a mutant virus lacking ICP8 exhibited a level of SSA greater than that seen in cells infected with wild type HSV. The lack of a specific requirement for ICP8 in SSA raises the possibility that a cellular annealing protein, such as Rad52 could substitute for ICP8 (discussed below).

The observation that both DNA negative viruses, ΔUL52 or ΔICP8, stimulated SSA levels to a greater extent than wild type HSV may indicate that UL12 levels are altered under conditions in which HSV DNA replication is inhibited. To rule out the possibility that increased SSA is due to elevated UL12 expression, we monitored ICP8 and UL12 expression in wild type or mutant-infected cells ([Fig. 4D](#ppat-1002862-g004){ref-type="fig"}). In fact, UL12 levels were similar in all infected cells except those infected with ΔUL12. ICP8 expression levels were similar in cells infected with the UL12, UL52 and UL32 deficient viruses, but were elevated over ICP8 expression in wild type-infected cells. In addition, the expression levels of several SSA proteins (*e.g.*, Rad52, MSH2 and MSH3) are stable during infection [@ppat.1002862-Mohni2], [@ppat.1002862-Wilkinson2]. Thus, the expression levels of viral and cellular proteins cannot account for the enhanced SSA levels observed for replication incompetent HSV.

It is also possible that UL12 activity is deregulated in the absence of HSV DNA replication. Deregulated nuclease activity may lead to more extensive resection and increased single strand annealing. UL12 is known to interact with ICP8, MRN and two mismatch repair (MMR) complexes, MSH2-MSH6 and MSH2-MSH3 [@ppat.1002862-Mohni2], [@ppat.1002862-Balasubramanian1], [@ppat.1002862-Thomas1]. In the absence of viral DNA replication, the reorganization of cellular and viral proteins to replication compartments does not occur. Thus, UL12 and other viral and cellular repair proteins may be more available to interact with cellular DNA. Another possibility is that UL12 is regulated by post-translational modifications. UL12 is phosphorylated on at least five residues ([@ppat.1002862-Antrobus1]; Balasubramanian and Weller, unpublished), and some of these phosphorylation events may be altered in the absence of DNA synthesis.

Expression of UL12 is sufficient to increase SSA and requires its 5′-to-3′ exonuclease activity {#s2d}
-----------------------------------------------------------------------------------------------

Since a mutant virus lacking UL12 was unable to increase SSA we asked if expression of UL12 alone was sufficient. The SSA reporter cells were transfected with the I-SceI expression plasmid and plasmids expressing UL12, ICP8, UL12 D340E, or Rad51 K133A and analyzed for GFP expression approximately 72 hours post transfection. Rad51 K133A is a dominant negative mutant of Rad51 that was previously demonstrated to reduce HR and increase SSA and was used as a control for increased SSA activity [@ppat.1002862-Stark1], [@ppat.1002862-Stark2]. Impressively, UL12 expression caused a 25-fold increase in SSA while the expression of Rad51 K133A only resulted in a 8-fold increase ([Fig. 5A](#ppat-1002862-g005){ref-type="fig"}). Stimulation of SSA by UL12 was completely eliminated in cells transfected with a plasmid expressing a catalytically dead UL12 mutant (UL12 D340E [@ppat.1002862-Goldstein2]) ([Fig. 5A](#ppat-1002862-g005){ref-type="fig"}). Coexpression of UL12 and ICP8 did not alter the UL12 mediated increase in SSA ([Fig. 5A](#ppat-1002862-g005){ref-type="fig"}) consistent with earlier results ([Fig. 4B](#ppat-1002862-g004){ref-type="fig"}) suggesting that ICP8 is not a key SSA regulatory factor. UL12 and ICP8 expression was confirmed by western blot ([Fig. 5C](#ppat-1002862-g005){ref-type="fig"}). Expression of Rad51 K133A was inferred from its activity in the SSA assay as described previously [@ppat.1002862-Stark1], [@ppat.1002862-Stark2]. A similar increase in SSA (approximately 20-fold) was observed when UL12 or UL12 and ICP8 were expressed in U20S cells containing the SSA reporter (data not shown).

![UL12 is sufficient to increase single strand annealing and is dependent on its exonuclease activity.\
(A) SSA and (B) HR reporter cell lines were transfected with the I-SceI expression plasmid and plasmids expressing UL12, ICP8, UL12 D340E or Rad51 K133A as indicated. For each condition the average frequency of repair from at least three independent experiments, each performed with three independent samples were normalized to the I-SceI and empty vector transfected sample. Error bars represent the standard error of the mean. The asterisk indicates statistically significant differences from samples transfected with I-SceI and an empty vector (P≤0.007 except for the SSA reporter cell line expressing Rad51 K133A where P = 0.01). (C) Representative western blot of cell lysates transfected with an empty vector or vectors expressing ICP8, UL12, UL12 D340E or Rad51 K133A. Actin serves as a loading control.](ppat.1002862.g005){#ppat-1002862-g005}

In order to determine if the effect of UL12 is specific for SSA we asked if expression of UL12 and/or ICP8 could affect the frequency of HR. Consistent with previously published reports, expression of the Rad51 K133A mutant resulted in a 12.5-fold decrease in HR ([Fig. 5B](#ppat-1002862-g005){ref-type="fig"}) [@ppat.1002862-Stark1], [@ppat.1002862-Stark2]; whereas, expression of UL12 in the presence or absence of ICP8 had no effect on HR. UL12 and ICP8 expression was confirmed by western blot ([Fig. 5C](#ppat-1002862-g005){ref-type="fig"}). These results demonstrated that UL12 is necessary and sufficient to specifically increase SSA and that the 5′-to-3′ exonuclease activity of UL12 is required.

The UL12-mediated increase in SSA requires a cellular or viral SSAP {#s2e}
-------------------------------------------------------------------

Coexpression of ICP8 with UL12 had no effect on SSA, and cells infected with the ΔICP8 virus caused an increase in SSA greater than that seen during wild type infection ([Fig. 4B](#ppat-1002862-g004){ref-type="fig"} and [Fig. 5A](#ppat-1002862-g005){ref-type="fig"}). At face value, these data suggested that ICP8 expression was not required for SSA and, by inference, further suggested that there must be a host factor capable of functionally substituting for it. We therefore asked if the cellular annealing protein Rad52 could substitute for ICP8 by integrating the SSA reporter plasmid into wild type and Rad52 null (Rad52^−/−^) derivatives of the human colorectal carcinoma cell line, HCT-116 (Kan *et al.* manuscript in preparation). Wild type and Rad52^−/−^ cells were transfected with the I-SceI expression plasmid, and plasmids expressing UL12, ICP8, UL12 D340E, Rad51 K133A, or mouse Rad52 (mRad52) and analyzed for GFP expression approximately 72 hours post transfection. Expression of mRad52 had no significant effect on SSA in the wild type cells and caused a 2-fold increase in the Rad52^−/−^ cells as compared to Rad52^−/−^ cells transfected with an empty vector. This result is consistent with previously published reports in Rad52^−/−^ murine embryonic stem cells [@ppat.1002862-Stark1] and indicates that Rad52 promotes SSA. In cells lacking Rad52 the UL12-mediated stimulation of SSA was decreased as compared to wild type cells ([Fig. 6A](#ppat-1002862-g006){ref-type="fig"}). Coexpression of ICP8 and UL12 in the Rad52^−/−^ cells caused a 3-fold increase in SSA similar to UL12 expression alone in wild type cells. Interestingly, coexpression of UL12 and ICP8 in wild type HCT-116 cells increased SSA approximately 5-fold over the vector control and 2-fold over cells expressing UL12 alone ([Fig. 6A](#ppat-1002862-g006){ref-type="fig"}). UL12, ICP8, and Rad52 expression was confirmed by western blot ([Fig. 6B](#ppat-1002862-g006){ref-type="fig"}). These results indicate that either Rad52 or ICP8 can promote the UL12-mediated increase in SSA, and that coexpression of ICP8 and UL12 can further increase SSA in HCT-116 cells. In contrast, expression of UL12 in U20S or HEK293 cells resulted in a 20- or 25-fold increase in SSA that was not further elevated by coexpression of ICP8 ([Fig. 5](#ppat-1002862-g005){ref-type="fig"} and data not shown). This cell type difference may indicate that SSAP activity is not limiting for SSA in HEK293 cells. These results demonstrate that either Rad52 or ICP8 are necessary for the UL12-mediated increase in SSA and that in some cell types coexpression of ICP8 and UL12 can further increase SSA.

![Rad52 and/or ICP8 are necessary for the UL12-mediated increase in SSA.\
(A) SSA reporter cell lines were transfected with the I-SceI expression plasmid and plasmids expressing UL12, ICP8, UL12 D340E, Rad51 K133A or mRad52 as indicated. For each condition the average frequency of repair from at least three independent experiments, each performed with two or three independent samples were normalized to the I-SceI and empty vector transfected sample. Error bars represent the standard error of the mean. The asterisk indicates statistically significant differences from samples transfected with I-SceI and an empty vector (P≤0.004). (B) Representative western blot of cell lysates transfected with an empty vector or vectors expressing ICP8, UL12, UL12 D340E, Rad51 K133A or mRad52. Actin serves as a loading control. (C) HCT-116, HCT-116+chromosome 3 and HEK293 cell lines were transfected with a plasmid based SSA reporter, I-SceI expression plasmid and plasmids expressing UL12, ICP8, or Rad51 K133A as indicated. For each condition the average frequency of repair from at least two independent experiments, each performed with two independent samples were normalized to the I-SceI and empty vector transfected sample. Error bars represent the standard error of the mean. The asterisk indicates statistically significant differences from samples transfected with I-SceI and an empty vector (P≤0.03). (D) Representative western blot of cell lysates transfected with an empty vector or vectors expressing ICP8, UL12, or Rad51 K133A. Actin serves as a loading control.](ppat.1002862.g006){#ppat-1002862-g006}

HCT-116 cells do not express MLH1 and are defective for MMR [@ppat.1002862-Shirasawa1]. In order to determine if the different effect of UL12 and ICP8 on SSA in HEK293 and HCT-116 cells was due to the loss of MMR in HCT-116 cells we used the complemented cell line HCT-116+chromosome 3 in which MLH1 expression has been restored [@ppat.1002862-Koi1]. Each cell line was transfected with a plasmid based version of the SSA reporter, the I-SceI expression plasmid and plasmids expressing UL12, ICP8, or Rad51 K133A and analyzed for GFP expression approximately 48 hours post transfection. UL12 expression increased SSA approximately 5-fold in all three cell lines ([Fig. 6C](#ppat-1002862-g006){ref-type="fig"}). Coexpression of UL12 and ICP8 in HEK293 cells increased SSA approximately 5-fold similar to expression of UL12 alone ([Fig. 6C](#ppat-1002862-g006){ref-type="fig"}). In contrast, coexpression of UL12 and ICP8 increased SSA approximately 7- and 9-fold in HCT-116 and HCT-116+chromosome 3 cells, respectively ([Fig. 6 C](#ppat-1002862-g006){ref-type="fig"}). UL12 and ICP8 expression was confirmed by western blot ([Fig. 6D](#ppat-1002862-g006){ref-type="fig"}). Expression of MHL1 in the complemented cell line has been shown previously (data not shown and [@ppat.1002862-Mohni2]). These results demonstrate that UL12 alone is sufficient to increase SSA in all three cell lines and that coexpression of ICP8 and UL12 can further enhance SSA in HCT-116 and HCT-116+chromosome 3 cells, but not HEK293 cells. Thus, while there is a cell type difference between HEK293 and HCT-116 cells, this difference is not due to the loss of MMR.

Discussion {#s3}
==========

Several lines of evidence indicate that HSV-1 manipulates components of the DSBR pathways [@ppat.1002862-Mohni1], [@ppat.1002862-Mohni2], [@ppat.1002862-Gregory1], [@ppat.1002862-LeesMiller1], [@ppat.1002862-Lilley1], [@ppat.1002862-Taylor1], [@ppat.1002862-Wilcock1], [@ppat.1002862-Wilkinson2], [@ppat.1002862-Lilley2], [@ppat.1002862-Lilley3], [@ppat.1002862-Parkinson1], [@ppat.1002862-Shirata1], [@ppat.1002862-Muylaert1]; however, the question of which DSBR pathways are functional during infection had never been addressed. Reporter assays developed to distinguish between DSBR pathways demonstrated that repair by SSA was increased in HSV-infected cells, while repair by HR, NHEJ or A-NHEJ was decreased. Infection with a viral mutant lacking UL12 abolished the increase in SSA observed during wild type infection. Furthermore, expression of UL12 alone caused an increase in SSA, which was dependent on its exonuclease activity. An SSAP was also required as UL12-mediated increases in SSA were decreased in cells lacking the cellular SSAP, Rad52, and could be restored by coexpressing the viral SSAP, ICP8. Coexpression of UL12 and ICP8 increased SSA greater than UL12 alone in HCT-116 cells. Thus, we have demonstrated that in HSV-infected cells a specific DSBR pathway (SSA) becomes activated.

Of the four DSBR pathways, C-NHEJ is the only one that does not involve resection and some degree of homology. During HSV infection ICP0 causes the degradation of DNA-PKcs (a key C-NHEJ factor) in some but not all cell types [@ppat.1002862-LeesMiller1], [@ppat.1002862-Wilkinson2], [@ppat.1002862-Parkinson1], Furthermore, viral yields are increased in cells deficient for DNA-PKcs or Ku70 [@ppat.1002862-LeesMiller1], [@ppat.1002862-Taylor1], [@ppat.1002862-Parkinson1]. Thus it appears that DNA-PKcs and Ku70 exert a negative effect on viral infection; however, knockdown of DNA Ligase IV or XRCC4 decreased viral yields and suggests that some components of the C-NHEJ pathway may be important for viral replication [@ppat.1002862-Muylaert1]. The observation that NHEJ is decreased in cells infected with HSV is consistent with the prediction that degradation of DNA-PKcs would lead to inactivation of NHEJ. It will be of interest to determine whether this decrease can be attributed to ICP0 or if other viral proteins are involved.

In contrast, components of the ATM-mediated DNA damage response are recruited to viral replication compartments (ATM, MRN, RPA, MSH2-MSH6, BRCA1, BLM, WRN and RAD51), and several exert a beneficial effect on HSV infection [@ppat.1002862-Mohni2], [@ppat.1002862-Gregory1], [@ppat.1002862-LeesMiller1], [@ppat.1002862-Lilley1], [@ppat.1002862-Taylor1], [@ppat.1002862-Wilcock1], [@ppat.1002862-Wilkinson2], [@ppat.1002862-Lilley3], [@ppat.1002862-Parkinson1], [@ppat.1002862-Shirata1]. Since ATM activation can result in the repair of DSBs by the major homology driven pathways, HR and SSA [@ppat.1002862-Gunn1], the data imply that one (or both) of these pathways may be beneficial for HSV. There is precedent for this: λ can utilize either Redα or RecA to mediate recombination by SSA or HR [@ppat.1002862-Stahl2], [@ppat.1002862-Brooks1], [@ppat.1002862-Echolas1], [@ppat.1002862-Franklin1], [@ppat.1002862-Shulman1], [@ppat.1002862-Signer1], [@ppat.1002862-vandePutte1] and human cytomegalovirus (HCMV) has recently been reported to increase HR during infection by a mechanism that is mediated by the immediate early protein IE1--72 [@ppat.1002862-Kulkarni1]. In this study we report that HSV infection decreased the levels of HR while increasing the levels of SSA. Although our data suggests that SSA may be the pathway of choice for recombination between viral genomes, it should be noted that the assays used in this study monitor events occurring on cellular chromatin. It is possible that the decrease in HR seen during HSV infection is due to the sequestration of HR proteins away from the cellular DNA. To conclusively rule out a role for HR, it will be necessary to employ a viral genome based recombination assay under conditions in which either UL12, ICP8, or both, are lacking.

UL12 interacts specifically with the MRN complex (comprised of Mre11, Rad50 and Nbs1) [@ppat.1002862-Balasubramanian1]. MRN recruits CtIP and other end resection proteins that are essential for promoting homology-mediated repair [@ppat.1002862-Kass1], [@ppat.1002862-Mimitou1], [@ppat.1002862-Nimonkar3], [@ppat.1002862-Sartori1]. It is possible that the UL12∶MRN interaction influences the probability that resection will occur at a DSB as well as the recruitment of other repair factors ultimately affecting the mechanism of repair. UL12 also interacts with two mismatch repair (MMR) complexes, MSH2--MSH6 and MSH2--MSH3 [@ppat.1002862-Mohni2]. MMR proteins play roles in preventing recombination between heterologous sequences as well as facilitating flap removal during SSA [@ppat.1002862-deWind1], [@ppat.1002862-Lyndaker1], [@ppat.1002862-Sugawara1]. In this study, we demonstrated that UL12 is necessary and sufficient to increase SSA and that the 5′-to-3′ exonuclease activity of UL12 is required. Thus, we speculate that the interactions between UL12 and cellular repair proteins play a role in shifting DSBR toward the SSA pathway.

Despite studies identifying HSV *cis*- and *trans*-acting factors that are required for HSV replication and circumstantial evidence that host proteins may be involved, the mechanism of concatemer formation during HSV infection is not understood. It has long been recognized that recombination is a frequent event during HSV-1 infection and may be responsible for the isomerization of the viral genome as well as concatemer formation [@ppat.1002862-Brown1], [@ppat.1002862-Hayward1], [@ppat.1002862-Schaffer1], [@ppat.1002862-Sheldrick1]. Recombination could also play a role in DNA replication reminiscent of recombination-dependent replication used by bacteriophage. The observations made in this study are consistent with several possible roles for SSA during HSV infection ([Fig. 7](#ppat-1002862-g007){ref-type="fig"}). We and others have proposed that DSBs arise during HSV infection and that they may stimulate homologous recombination (reviewed in [@ppat.1002862-Wilkinson1]). Based on the finding that SSA is stimulated in HSV-infected cells we suggest that SSA could be used to repair DSBs that arise as a consequence of DNA replication through nicks and gaps known to exist in viral genomes [@ppat.1002862-Wilkinson1], [@ppat.1002862-Jacob1], [@ppat.1002862-RW1]. Under this scenario, recombinant molecules could arise as a result of resection by UL12 and annealing of homologous regions by Rad52 and/or ICP8 ([Fig. 7A](#ppat-1002862-g007){ref-type="fig"}). SSA may also be utilized during early stages of infection for the formation of circular or concatemeric DNA. For instance, if the ends of the viral genome are not protected, resection and annealing of the repeat regions at viral termini could lead to genome circularization or concatemer formation (for simplicity, only concatemers are shown in [Fig. 7B](#ppat-1002862-g007){ref-type="fig"}). These models, however, do not fully explain the apparent link between recombination and replication in cells infected with HSV. Complex branched structures are formed during viral DNA replication, and genomic inversions occur at the earliest times that replicated DNA can be detected and are mediated by the viral replication machinery [@ppat.1002862-Zhang1], [@ppat.1002862-Severini1], [@ppat.1002862-Bataille1], [@ppat.1002862-Bataille2], [@ppat.1002862-Sarisky1]. These observations are not consistent with a simple rolling circle model for HSV DNA replication, and we have suggested that by analogy with the bacteriophages λ and T4, recombination may play a role during viral DNA synthesis [@ppat.1002862-Wilkinson1].

![Implications for single strand annealing during HSV infection.\
Three models depict potential roles for SSA during HSV infection. (A) SSA is used to repair DSBs that arise as a consequence of DNA replication. (B) Resection and annealing of the repeat regions (green) at viral termini leads to concatemer formation. (C) SSA-mediated replication-dependent recombination occurs similar to the new recombination model proposed for λ phage.](ppat.1002862.g007){#ppat-1002862-g007}

Previous models suggested that the function of λ Redα is to carry out limited resection at a DSB or end resulting in a double-stranded region flanked by a 3′ overhang, which could lead to recombination through strand invasion (HR), strand annealing (SSA) or replisome invasion [@ppat.1002862-Court1], [@ppat.1002862-Szczepanska1], [@ppat.1002862-Poteete1], [@ppat.1002862-Li1], [@ppat.1002862-Muniyappa1], [@ppat.1002862-Stahl2], [@ppat.1002862-Rybalchenko1]. A recent set of experiments from the Church and Stewart laboratories, however, supports a new model for SSA-mediated replication-dependent recombination [@ppat.1002862-Maresca1], [@ppat.1002862-Mosberg1]. These authors suggest that Redα functions to completely degrade one entire strand of a duplex molecule leaving the other intact. The remaining single strand is then incorporated into a replication fork by annealing to the lagging strand template in a reaction dependent on the SSAP (Redβ). One very appealing aspect to this model is that it explains the link between recombination and DNA replication. It has long been observed that efficient DNA recombination between λ chromosomes relies on DNA synthesis and that the λ recombination system plays an important role in the production of viral DNA concatemers necessary for encapsidation and the production of infectious progeny [@ppat.1002862-LoPiano1], [@ppat.1002862-Kuzminov1].

We reported that similar to λ Redα/β, HSV UL12/ICP8 can mediate strand exchange *in vitro* and that UL12 shares several conserved sequence motifs with Redα [@ppat.1002862-Reuven1], [@ppat.1002862-Reuven2], [@ppat.1002862-Goldstein2], [@ppat.1002862-Bujnicki1]. Furthermore, we now report that expression of UL12 caused an increase in levels of SSA that can be further elevated by coexpression of ICP8 in some cell types. We thus propose that UL12 and an SSAP (ICP8 and/or Rad52) mediate double-stranded DNA recombination similar to that proposed for λ ([Fig. 7C](#ppat-1002862-g007){ref-type="fig"}). It is thus possible that SSA-mediated recombination plays an important role in the HSV life cycle not only to generate concatemers suitable for encapsidation but also to restart DNA replication at a stalled replication fork. This mechanism might also facilitate the generation of complex branched molecules seen in replication intermediates during HSV infection and provides a viable alternative to the rolling circle replication mechanism. Additional experiments will be necessary to determine the actual role of SSA during HSV infection.

The Redα/β system has also been used extensively as a tool for genetic engineering and gene targeting [@ppat.1002862-Ellis1], [@ppat.1002862-Murphy1], [@ppat.1002862-Court1], [@ppat.1002862-Muyrers1], [@ppat.1002862-Zhang2], [@ppat.1002862-Yu1]. For instance, expression of Redα/β can stimulate recombination-mediated genetic engineering or "recombineering" to construct targeted gene deletions, insertions or point mutations [@ppat.1002862-Ellis1], [@ppat.1002862-Murphy1], [@ppat.1002862-Yu1], [@ppat.1002862-Datsenko1], [@ppat.1002862-Murphy2], [@ppat.1002862-Muyrers2]. Taken together these observations raise the interesting possibility that UL12/ICP8 could be used in mammalian cells to stimulate recombination-mediated genetic engineering leading to more effective strategies for gene therapy. Extensive recombination between viral genomes also provides a mechanism to promote genetic variation [@ppat.1002862-Campbell1]. The diversity observed in human populations of VZV, HSV and HCMV combined with the high rates of recombination in herpesviruses suggests that recombination may play a role in herpesvirus evolution and pathogenesis [@ppat.1002862-Bowden1], [@ppat.1002862-Muylkens1], [@ppat.1002862-Thiry1], [@ppat.1002862-Norberg1] and thus clearly warrants additional investigation.

Materials and Methods {#s4}
=====================

Viruses {#s4a}
-------

The HSV-1 strain KOS was used as the wild type strain in all experiments. The 5′-to-3′ exonuclease null virus, AN-1, contains an ICP6:lacZ insertion in the UL12 gene [@ppat.1002862-Weller1]. The ICP8 (HSV-1 SSAP) null virus, HD2, contains an in-frame lacZ insertion mutation in the UL29 gene and was provided by David Knipe (Harvard Medical School, Cambridge MA) [@ppat.1002862-Gao1]. The primase-null virus, *hr114*, contains an ICP6::lacZ insertion mutation in the UL52 gene [@ppat.1002862-Goldstein1]. The packaging-null mutant, *hr*64, contains an ICP6::lacZ insertion mutation in the UL32 gene [@ppat.1002862-Lamberti1]. All mutant viruses were constructed using a KOS background.

Cell lines and plasmids {#s4b}
-----------------------

The HEK293 and HCT-116 cell lines were obtained from the American Type Culture Collection (ATCC). The HCT-116+chromosome 3 cells were kindly provided by Thomas Kunkel and Alan Clark [@ppat.1002862-Koi1]. The HEK293 SA-GFP, DR-GFP, EJ5-GFP and EJ2-GFP cell lines were described previously [@ppat.1002862-Bennardo1]. The HCT-116 Rad52^−/−^ cell line (Kan *et al.*, manuscript in preparation) was generated by rAAV gene targeting technology as previously described [@ppat.1002862-Topaloglu1]. Stable integrants of the SSA reporter were generated by transfecting wild type HCT-116 and Rad52^−/−^ cell lines with the SA-GFP reporter plasmid [@ppat.1002862-Stark1] by Lipofectamine 2000-mediated transfection (Invitrogen). Puromycin was added 24 hours later at 2 µg/ml. Puromycin resistant colonies were screened for a functional reporter by transfecting an empty vector or the I-SceI and Rad52 expression plasmids. 48 to 72 hours post transfection cells were analyzed by flow cytometry for GFP expression. The empty vector, pSAK, and I-SceI, Rad51-K133A, UL12, UL12 D340E, mouse Rad52 and Cherry expression vectors have been described [@ppat.1002862-Stark2], [@ppat.1002862-Goldstein2], [@ppat.1002862-Goldstein3], [@ppat.1002862-Reuven3], [@ppat.1002862-Richardson1], [@ppat.1002862-Fattah1]. The ICP8 expression vector was created by PCR amplifying ICP8 from pCM-DBP and cloned using HindIII/EcoRI into pSAK [@ppat.1002862-Reuven3], [@ppat.1002862-Heilbronn1].

Western blots {#s4c}
-------------

Cell lysates for the DNA repair assays were obtained by pooling duplicate samples following analysis by flow cytometry. Cells were pelleted and lysed in 2X SDS sample buffer [@ppat.1002862-Mohni2]. HSV HEK293 infected cell lysates were obtained as described previously [@ppat.1002862-Mohni2]. Cell lysates were run on 10% SDS-Page gels, transferred to PVDF and immunoblotted with antibodies to ICP4 (US Biological), ICP8 (Abcam ab20194), Rad52 (Santa Cruz) UL12 \[gift from Joel Bronstein and Peter Weber (Parke-Davis Pharmaceutical)\] and Actin (Sigma) as described previously [@ppat.1002862-Mohni2].

Repair assays {#s4d}
-------------

The repair of I-SceI-generated dsDNA breaks has been described previously [@ppat.1002862-Stark1], [@ppat.1002862-Pierce1], [@ppat.1002862-Bennardo1]. Briefly, 2×10^5^ HEK293 DR-GFP, SA-GFP, EJ5-GFP, EJ2-GFP or 3×10^5^ wild type or Rad52^−/−^ HCT-116 SA-GFP cells were plated in 12 well plates. The next day, cells were transfected with various combinations of plasmids expressing I-SceI, Cherry, UL12, UL12 D340E, ICP8, Rad51-K133A or mouse Rad52 by Lipofectamine 2000-mediated transfection as recommended by the manufacturer (Invitrogen). For each experiment an equivalent amount of empty vector (pSAK) was included in parallel transfections. Approximately 72 hours post transfection cells were analyzed by flow-cytometry for GFP and Cherry expression. Cherry expression served as a transfection control. Plasmid based repair assays were done as described above except cells were also transfected with the SSA reporter plasmid SA-GFP [@ppat.1002862-Stark1]. Approximately 48 hours post transfection cells were analyzed by flow cytometry for GFP and Cherry expression. Repair assays done during HSV infection were transfected as described above. Four hours post transfection the media was removed and the cells were infected with HSV-1 at a MOI of 2 PFU/cell as described previously [@ppat.1002862-Livingston1]. Following infection the cells were moved to 34°C. Cells were fixed with 4% paraformadehyde and analyzed by flow cytometry for GFP and Cherry expression 36 hours post infection.
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